Spins in molecular magnets can experience both anisotropic exchange interactions and on-site magnetic anisotropy. In this paper we study the effect of exchange anisotropy on the molecular magnetic anisotropy both with and without on-site anisotropy. When both the anisotropies are small, we find that the axial anisotropy parameter DM in the effective spin Hamiltonian is the sum of the individual contributions due to exchange and on-site anisotropies. We find that even for axial anisotropy of about 15%, the low energy spectrum does not correspond to a single parent spin manifold but has intruders states arising from other parent spin. In this case, the low energy spectrum can not be described by an effective Hamiltonian spanning the parent spin space. We study the magnetic susceptibility, specific heat as a function of temperature and magnetization as a function of applied field to characterize the system in this limit. We find that there is synergy between the two anisotropies, particularly for large systems with higher site spins.
Introduction
Molecular spin clusters such as single molecule magnets (SMMs) and single chain magnets (SCMs) have been studied extensively over the last few decades [1] [2] [3] [4] [5] [6] .
These spin clusters have attracted huge interest from both theoretical and experimental stand points because of the promise they hold for applications such as in memory storage devices, in quantum computations and in information technologies in general [7] [8] [9] [10] [11] [12] . The main bottleneck for these applications appears to be the fast relaxation of the magnetization from the fully magnetized to the non magnetized state. This is due to the low blocking temperature, measured as the temperature at which the relaxation time for magnetization, τ R , is 100s and depends on the energy barrier between two fully and oppositely magnetized states, for the presently known SMMs and SCMs [13, 14] . Current research in this field is focused on enhancing the blocking temperature [15, 16] Increasing D M can be achieved by using magnetic building blocks in unusual coordination number and geometry. Indeed this has been demonstrated for hepta coordinated complexes [17] [18] [19] [20] [21] . Increasing S can be achieved by using rare earth ions in the high spin state as the building blocks. However, it has been shown by Waldmann [22] that the magnetic anisotropy of a ferromagnetic assembly of spins is smaller than the anisotropy of individual spins as each spin 2 center with spin s i only contributes a fraction
of the site anisotropy to the anisotropy of the SMM or SCM with total spin is S. This result assumes that all the individual magnetic ions have non zero axial anisotropy d i and zero planar anisotropy e i , and that all the spin centers have the same magnetic axes. Notwithstanding this nuance, the result is illustrative of the fact that the anisotropy of the clusters is smaller than that of individual ions.
With 3d transition metal complexes, the highest blocking temperature reported is 4.5K, although the energy barrier ∆ is 62cm −1 [23] . This could be due to the large off-diagonal anisotropy terms that lead to quantum tunneling of magnetization. The anisotropy can be enhanced by choosing ions of 4d, 5d
or 4f metals wherein the relativistic effects are large, leading to large spin-orbit interactions [15, [24] [25] [26] [27] [28] . For example, in the Dy 4 systems, the energy barrier is 692cm −1 [29] . However, large quantum tunneling of magnetization leads to small hysteresis loops. In our previous studies [30] , we have shown that large magnetic anisotropy of building blocks leads to breaking the spin symmetry. In this event associating a parent spin state to define the D M and E M parameters of a cluster is not possible due to intrusion of states from different parent spins within the given spin manifold. In these cases, the Waldmann conclusion that the contribution of the individual anisotropies decreases with increasing total spin of the cluster is no longer valid. The properties of the system will have to be computed from the eigenstates of the full Hamiltonian. and J x = J y = −11cm −1 [34, 35] . In this study, we employ a generalized ferromagnetic XYZ model for nearest neighbor spin-spin interactions and on-site anisotropy. Using the full Fock space of the Hamiltonian, we follow the properties such as magnetization, susceptibility and specific heat of spin chains with ferromagnetic interaction and different site spins. In the next section we discuss briefly spin Hamiltonian we have studied and present the numerical approach for obtaining the properties of the model. In the third section, we present the result of a purely anisotropic exchange model. This will be followed by the results on a model with both exchange and site anisotropies in section four. We will end the paper with a discussion of all the results.
Methodology
The basic starting Hamiltonian for studying most magnetic materials is the isotropic Heisenberg exchange model given bŷ
where the summation is over nearest neighbors. This model assumes that spinorbit interactions are weak and hence the exchange constant J associated with the three components of the spin are equal (J
). The isotropic model conserves both total M s and total S and hence we can choose a spin adapted basis such as the valence bond (VB) basis to set up the Hamiltonian matrix. The Rumer-Pauling VB basis is nonorthogonal and hence the Hamilto-4 nian matrix is nonsymmetric. While computing eigenstates of a nonsymmetric matrix is reasonably straight forward, computing properties of the eigenstates in the VB basis is nontrivial. However, the VB eigenstates can be transformed to eigenstates in constant M s basis and the latter basis being orthonormal is easily amenable to computing properties of the eigenstates.
When the spin-orbit interactions are weak, we can include the anisotropy arising from it by adding the site anisotropy term,
(d i,x , d i,y and d i,z are local ion anisotropies) and treating it as a perturbation.
Usually, it is sufficient to deal with just the site diagonal anisotropy and set
However, if the local anisotropy axis is not aligned with the global spin axis, then we need to include the off-diagonal site anisotropy terms.
For weak on-site anisotropy ( d J << 1), we can obtain the splitting of a given total spin state perturbatively by determining the molecular anisotropy parameters D M and E M given by the eigenstates of the Hamiltonian in a given spin state
Spin-orbit interaction can also lead to anisotropy in the exchange Hamiltonian leading to a general XY Z model whose Hamiltonian is given bŷ
for
In this model, there does not exist any spin symmetry and we need to solve the Hamiltonian for its eigenstates in the full Fock basis with no restrictions on total S or M s . In cases where a system has the same exchange 5 constant along x and y directions but different from the exchange constant in the z-direction, we obtain the XXZ model with the Hamiltonian is given bŷ
For convenience we write the general XYZ Hamiltonian in eqn. 5 aŝ
where
2J
. The deviation of The effect of large anisotropic exchange or large site anisotropy is to mix states with different total spin S. Thus, the conventional approach to define molecular anisotropy constants through the effective Hamiltonian (eqn. 4) fails as the low-lying multiplet states can not be identified as arising from a unique total spin state, as, the total spin of a state is not conserved. In such situations, the approach we have taken is to obtain the thermodynamic properties such as 
Anisotropic Exchange Models
Here, we discuss the magnetic anisotropy arising only from the exchange anisotropy.
In the small exchange anisotropy limit, we first consider the XXZ model and XYZ model with small δ. We will end this section with a discussion of the XYZ models with large anisotropy parameters and δ. All the exchange interactions are taken to be ferromagnetic.
Small Anisotropy models
In this model we set δ to zero in eqn. 7 and study spin chains with site spins In 
and the total spin of these states is also very close to N s. In this case we can fit the energy gaps to the Hamiltonian D M S 2 z . The diagonal anisotropy of these states is shown in fig. 1 . In the XXZ model we do not have off-diagonal anisotropy, i.e., E M = 0 in the anisotropic Hamiltonian given by eqn. 4. We note in table 1 that for spin chains with s = 3/2 and s = 2, there are intruder states within the manifold of S 7.5 and 10 respectively. We also find that as is increased to 0.15, even the s = 1 spin chain has intruders. Furthermore, We have obtained the thermodynamic properties of these spin chains as a function of temperature and the magnetization as a function of magnetic field at a fixed temperature. We show in fig. 2 , χ xx T (= χ yy T ) and χ zz T dependence on temperature for spin chains of five spins for different values of the site spins.
Expectedly the susceptibility increases with site spin in all cases. The χ zz T component is much larger than the χ xx T component and both show a maxima.
The maxima is at a higher temperature for χ xx T compared to χ zz T and the χ xx T maxima is also broader. We also note that χ zz T is larger than χ xx T by a factor of between 2 and 3, even though maximum anisotropy is only 0.25.
Besides the temperature of the maxima also increases with site spin. The ZZ component is larger for large anisotropy while the XX component is smaller at large anisotropy. This is because as increases it becomes easier to magnetize along the z-axis, while it becomes harder to magnetize in the x-y plane. This trend is also seen in the magnetization plots as a function of the magnetic field shown in fig. 3 . We note that the magnetization M z increases with while M x decreases with for the same applied field.
The dependence of specific heat, C v , on temperature for different values is shown in fig. 4 . We find that for small , the specific heat shows two peaks, the first peak is narrow and the second peak is broad. This is seen for all site spins. This can be understood from the nature of the full energy spectrum of the Hamiltonian for different values fig. 5 . We see that there are two successively small gaps in the spectrum below 0.13J for small anisotropy but these gaps shift to much higher energies for large anisotropy. This implies that at small anisotropy, the specific heat first increases with increase in temperature and then drops as thermal energy can not access higher energy states. As the temperature increases further the higher energy states are populated leading to increase in specific heat. Thus, the magnetic specific heat dependence on temperature can be used as a tool to estimate the anisotropy of the chain.
Introducing small planar anisotropy, δ, does not significantly change the low energy spectrum in table 2 and consequently there is no discernible change in the thermodynamic properties. The main difference is that M s is also not conserved even for small values of δ. 
Large Anisotropy models
To explore the properties of the spin chains in the large anisotropy limit, we have studied s = 1, 3/2 and 2 models with up to 0.75 and δ up to 0.15.
In this limit, there are no conserved spin quantities, hence we have studied only thermodynamic properties by computing thermodynamic averages from expectation values in the eigenstates of the Hamiltonian.
All the three diagonal components of the susceptibility as a function of temperature are shown in fig. 6 . We find that for large anisotropy χ zz T increases with and δ, while χ xx T and χ yy T decreases with and δ. χ zz T shows a smooth maxima for all cases we have studied but χ xx T and χ yy T do not show a discernible maxima. The χ zz T maxima occur at lower temperature than χ xx T and χ yy T maxima (when they exist). More significantly χ zz T is higher for higher anisotropy while χ xx T and χ yy T are higher for lower anisotropy.
In fig. 7 we show the behaviour of magnetization as a function of the field at k B T /J = 1. We find very different behaviour for M z compared to M x or M y .
The M z component shows saturation at low magnetic fields. The saturation field decreases with increasing site spin. On the other hand, the M x and M y components show saturation only for small anisotropy. For large anisotropy they do not show saturation and show a nearly linear increase in magnetization component over the full range of the applied magnetic field. Furthermore, the magnitude of the magnetization decreases with increasing anisotropy at a given field strength. The specific heat behaviour is similar to the weak anisotropy case, we find a sharp peak at low temperature followed by a broad peak at higher temperatures. At higher anisotropies, we find a single peak in the C v vs T plot 8 and the temperature of the peak maxima is higher for higher anisotropy. 
Systems with Exchange and On-Site Anisotropies
In an earlier paper we discussed the role of on-site single ion anisotropy on the anisotropy of a spin chain. In this section we will discussed the effect of both exchange and on-site anisotropy on the magnetic properties of a spin chain [30] .
We have introduced on-site anisotropy (d/J) in the eqn. 7 and studied the spin chains with site spins s = 1, 3/2 and 2 of length of five spins. We have also set δ = 0 and study only XXZ models in the presence of site anisotropy. We have taken same on-site anisotropy aligned along the z-axis for all the spins. When the on-site anisotropy is weak, we find that the resultant molecular magnetic anisotropy is nearly a sum of the molecular anisotropy due to on-site anisotropy alone and the molecular anisotropy due to exchange anisotropy alone. Thus, the two anisotropies are additive as seen in fig. 1 . This is true up to = 0.1 for all the site spins.
In table 3 , we show the low-energy spectrum of the N = 5 spin chain for s = 1, 3/2 and 2, where both exchange and on-site anisotropies are large. In cases where we can not define the molecular magnetic anisotropy in terms of the parameter D M of the effective spin Hamiltonian, we follow the system by computing the magnetic susceptibilities, magnetization and specific heat. We have shown in fig. 9 , the difference in the ∆χ 
22
larger when is small while ∆M x is larger for large .
The specific heat behaviour is shown in fig. 11 . We find that the two peak 
Conclusions
Our study of anisotropic ferromagnetic exchange models with site anisotropy
shows that for small exchange and site anisotropies, the energy level splitting of the total spin states can be characterized by the axial anisotropy parameter D M which is a sum of the exchange alone and ion anisotropy alone D M parameters.
For large anisotropic exchange, neither the total spin nor its z-component are conserved and it is not possible to define the molecular anisotropy parameters D M and E M . The effect of anisotropy is then studied by following thermodynamics properties such as χ, C v and M . This is also true when the on-site
anisotropy is large, even in the absence of exchange anisotropy. We find two peak structure in C v vs T when the exchange is weakly anisotropic. We also find that this feature prevails for weak on-site anisotropy as well. The dual peak structure is more pronounced for smaller on-site spins. In general the effect of anisotropy, as seen form the presence of intruder states from different parent spin state, is more pronounced in the case of higher site spins and longer chain length. The synergy between site anisotropy and exchange anisotropy becomes complicated when both are strong. We observe that the difference in susceptibilities as well as magnetization as a function of the site anisotropy strength for large exchange anisotropy becomes highly nonlinear, particularly for systems with higher site spin. 
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